Persson P, Hansell P, Palm F. NADPH oxidase inhibition reduces tubular sodium transport and improves kidney oxygenation in diabetes. Am J Physiol Regul Integr Comp Physiol 302: R1443-R1449, 2012. First published May 2, 2012 doi:10.1152/ajpregu.00502.2011.-Sustained hyperglycemia is associated with increased oxidative stress resulting in decreased intrarenal oxygen tension (PO 2) due to increased oxygen consumption (QO 2). Chronic blockade of the main superoxide radicals producing system, the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, normalizes QO 2 by isolated proximal tubular cells (PTC) and reduces proteinuria in diabetes. The aim was to investigate the effects of acute NADPH oxidase inhibition on tubular Na ϩ transport and kidney PO2 in vivo. Glomerular filtration rate (GFR), renal blood flow (RBF), filtration fraction (FF), Na ϩ excretion, fractional Li ϩ excretion, and intrarenal PO2 was measured in control and streptozotocin-diabetic rats during baseline and after acute NA-DPH oxidase inhibition using apocynin. The effects on tubular transporters were investigated using freshly isolated PTC. GFR was increased in diabetics compared with controls (2.2 Ϯ 0.3 vs. 1.4 Ϯ 0.1 ml·min Ϫ1 ·kidney Ϫ1 ). RBF was similar in both groups, resulting in increased FF in diabetics. PO 2 was reduced in cortex and medulla in diabetic kidneys compared with controls (34.4 Ϯ 0.7 vs. 42.5 Ϯ 1.2 mmHg and 15.7 Ϯ 1.2 vs. 25.5 Ϯ 2.3 mmHg, respectively). Na ϩ excretion was increased in diabetics compared with controls (24.0 Ϯ 4.7 vs. 9.0 Ϯ 2.0 m·min Ϫ1 ·kidney Ϫ1 ). In controls, all parameters were unaffected. However, apocynin increased Na ϩ excretion (ϩ112%) and decreased fractional lithium reabsorption (Ϫ10%) in diabetics, resulting in improved cortical (ϩ14%) and medullary (ϩ28%) PO 2. QO2 was higher in PTC isolated from diabetic rats compared with control. Apocynin, dimethylamiloride, and ouabain reduced QO 2, but the effects of combining apocynin with either dimethylamiloride or ouabain were not additive. In conclusion, NA-DPH oxidase inhibition reduces tubular Na ϩ transport and improves intrarenal PO 2 in diabetes.
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apocynin; dimethylamiloride; ouabain; oxygen tension; oxidative stress; proximal tubular cells; rat; streptozotocin HYPERGLYCEMIA induces increased formation of reactive oxygen species (ROS) from several sources, including the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (38) . The NADPH oxidase is expressed mainly in phagocytes but also in the vasculature. In smooth muscle cells it participates in the regulation of vessel tonus and blood pressure (20, 22) . The diabetic kidney has an altered oxygen metabolism leading to reduced oxygen tension (PO 2 ) throughout the kidney (29) . It is also reported that isolated proximal tubular cells (PTC) from diabetic rats have increased transport-dependent oxygen consumption (QO 2 ) and increased phosphorylation of the regulatory NADPH oxidase subunits p47 phox and p22 phox (1, 5, 7) . Superoxide radicals (O 2 ·Ϫ ) increase intracellular Na ϩ by stimulating the sodium/potassium/2-chloride (NKCC2) transporter in medullary thick ascending limbs (mTAL) (15) . It was proposed that O 2 ·Ϫ scavenge nitric oxide (NO) resulting in increased tubular Na ϩ transport. L-Arginine supplementation and/or addition of the superoxide dismutase mimetic tempol improves NO availability in isolated mTAL, which concomitantly reduces tubular Na ϩ transport (26) . However, it is not known whether diabetes-induced oxidative stress will affect tubular Na ϩ handling in vivo. Chronic treatment of diabetic rats with apocynin prevents the increase of the regulatory cytosolic subunit p47 phox as well as the increased QO 2 of isolated PTC (5). Taken together, several studies indicate that an overactivated NADPH oxidase is an important regulator of renal QO 2 in the diabetic kidney. Therefore, we hypothesize that increased NADPH oxidase activation stimulates tubular Na ϩ transport and reduces intrarenal PO 2 in the diabetic rat kidney.
MATERIALS AND METHODS

Animals and induction of diabetes.
Age-matched male SpragueDawley rats (250 g body wt) were purchased from Charles River (Charles River, Sulzfeldt, Germany). Animals had free access to tap water and pelleted standard rat chow. All experiments were conducted in accordance with national guidelines and approved by the Animal Care and Use Committee of Uppsala University. Diabetes was induced by a single injection of streptozotocin (55 mg/kg body wt; Sigma-Aldrich, St. Louis, MO) in the tail vein. Animals were considered diabetic if blood glucose concentration increased to Ͼ18 mM within 24 h after injection. Blood glucose was determined with test reagent strips (Medisense, Bedford, MA) on samples obtained from the cut tip of the tail in all animals.
Experimental groups. The experimental groups consisted of untreated control and diabetic rats with diabetes duration of 14 Ϯ 4 days. Additional control and diabetic rats were allocated to isolation of PTC used for in vitro QO 2 measurements.
Surgical procedures. On the day for acute experiments, the rats were anesthetized with thiobutabarbital (Inactin, 120 mg/kg body wt ip for controls and 80 mg/kg body wt ip for diabetics) and placed on a table with a servo-controlled heating pad to maintain body temperature at 37.5°C. Animals were tracheotomized and catheters placed in femoral artery and vein for withdrawal of blood samples, blood pressure monitoring, and infusion of Ringer solution (5 ml·kg Ϫ1 ·h
Ϫ1
for controls and 10 ml·kg Ϫ1 ·h Ϫ1 for diabetics). The left ureter was catheterized for collection of urine for subsequent analysis, and the urinary bladder was catheterized for drainage. Left kidney was exposed through a subcostal flank incision and immobilized in a plastic cup. 3 H]inulin in urine and plasma, respectively, and V denotes the urine flow (in ml/min). After a 45-min recovery period baseline data were obtained for 30 min followed by administration of apocynin (10 mg/kg bw bolus iv) or vehicle. Thereafter, all parameters were followed for an additional two 30-min periods. Total renal blood flow (RBF) was measured using an ultrasound probe (Transonic Systems, Ithaca, NY) placed around the left renal artery. Li ϩ was administered as a 4-mg ip bolus of LiCl after completion of surgery followed by a continuous intravenous infusion (2.1 mg·h Ϫ1 ·rat Ϫ1 ) resulting in plasma concentration of 0.5-1.0 mM Li ϩ . Kidneys were weighed at the end of each experiment. Urine flows were measured gravimetrically, and urinary and plasma Na ϩ and Li ϩ concentrations were determined by flame spectrophotometry (model IL543, Instrumentation Lab, Milan, Italy). Regional renal PO2 was measured using modified Clark-type microelectrodes (ϳ10 m OD, Unisense, Aarhus, Denmark). Electrodes were two-point calibrated in water saturated with either Na 2S2O5 (zero) or air (147 mmHg). Nitrate/nitrite was analyzed using a commercially available kit according to manufacturers' instruction (Cayman Chemicals, Ann Arbor, MI). Thiobarbituric acids reactive substances (TBARS) were measured fluorometrically (5). Briefly, 125 l thiobarbituric acid (Merck, Darmstadt, Germany) were added to 100 l of diluted urine sample and heated to 97°C for 60 min. Thereafter, samples were cooled on ice, and a 150-l mixture of methanol and 1 mol/l NaOH (91:9) were added followed by centrifugation (3,000 rpm, 5 min). Fluorescence was measured in the supernatant (ex. 532 nm, em. 553 nm; Safire2, Tecan, Männedorf, Switzerland). Standards were prepared from malondialdehyd-bis-(diethylacetate) (Merck-Schuchart, Schuchart, Germany).
Measurement of GFR, RBF, Li
Measurement of QO 2 in vitro. PTC were isolated from normoglycemic controls and diabetic rats as previously described (5) . Briefly, kidney cortex was minced through a metallic mesh strainer and incubated with ice-cooled buffer solution containing collagenase (0.05% wt/vol) at 37°C for 90 min while the suspension was bubbled with a mixture of 95% O 2 and 5% CO2. Thereafter, the suspension was cooled to 4°C and filtered through graded filters with pore sizes of 180, 75, 53, and 38 m. The cells were pelleted by slow centrifugation (200 g, 2 min) and resuspended in collagenase-free buffer, a procedure that was repeated three times. The suspension was kept on ice until QO 2 was measured in an Oxygraph-2k (OROBOROS Instruments, Innsbrück, Austria). QO2 measurements were performed using a buffer solution containing (in mM) 113.0 NaCl, 4.0 KCl, 27.2 NaHCO 3, 1.0 KH2PO4, 1.2 MgCl2, 1.0 CaCl2, 10.0 HEPES, 0.5 Ca lactate, 2.0 glutamine, 50 U/ml streptomycin, and adjusted to 300 mosmol/kgH 2O and pH 7.40. Glucose concentration in the medium was 5.8 mM for cells from normoglycemic controls and 23.2 mM for cells from diabetic animals (29, 30) . A 50-l cell suspension was injected into the chamber, and the rate of O 2 disappearance was recorded. At the end of each experiment, 1 ml was removed from the chamber to determine protein concentration after centrifugation (15,000 g for 10 min) and resuspension in 200 l dH 2O, using DC Protein Assay (Bio-Rad Laboratories, Hercules, CA). QO2 was calculated as the rate of O2 disappearance adjusted for protein concentration. Measurements were performed during baseline and after incubation with dimethylamiloride (DMA; 1 mmol/l) to inhibit the Na ϩ /H ϩ exchanger (NHE) (4), apocynin (1 mmol/l) to inhibit the NADPH oxidase, and ouabain (2 mmol/l) to inhibit the Na ϩ -K ϩ -ATPase or apocynin in combination with DMA and ouabain. In all experiments samples were preincubated at 37°C for 10 min before being added to the Oxygraph-2k. The same concentration of each inhibitor as in the preincubation of the cells was present in the Oxygraph-2k before cells were added. It was also confirmed that none of the inhibitors interfered directly with technique used to measure QO 2.
Statistical analysis. All statistical analyses were performed using GraphPad Prism software (GraphPad Software San Diego, CA). All data were analyzed by two-way repeated measure analysis of variance (ANOVA) followed by Bonferroni post hoc test. In addition, the data presented in Fig. 6 were also analyzed by one-way ANOVA followed by Bonferroni post hoc test for selected comparisons to determine between-group differences. Descriptive statistics are presented as means Ϯ SE. For all comparisons P Ͻ 0.05 was considered significant.
RESULTS
All diabetic animals developed hyperglycemia compared with controls (22.9 Ϯ 0.7 vs. 5.6 Ϯ 0.2 mM) and gained less weight compared with control animals (326 Ϯ 7 vs. 357 Ϯ 3 g). Food intake was higher in diabetic animals compared with controls (54 Ϯ 3 vs. 26 Ϯ 1 g/24 h). Left kidney weight was increased in diabetic animals compared with normoglycemic controls (1.85 Ϯ 0.05 vs. 1.28 Ϯ 0.03 g). Diabetic rats displayed 57% higher GFR than control, which was not affected by NADPH oxidase inhibition (Table 1) . There was no difference in total RBF or MAP between the two groups, and NADPH oxidase inhibition did not alter any of these parameters (Table 1) . Filtration fraction was elevated in diabetic animals and unaffected by NADPH oxidase inhibition (Table  1) . Total and fractional urinary Na ϩ excretion was higher in diabetics compared with controls (ϩ167% and ϩ86%, respectively), and NADPH oxidase inhibition further increased absolute and fractional Na ϩ excretion selectively in the diabetic animals (ϩ112% and ϩ90%, respectively) (Fig. 1, A and B) . Furthermore, fractional Li ϩ reabsorption only decreased (Ϫ10%) in diabetic animals after NADPH oxidase inhibition (Fig. 2) . PO 2 was reduced in both kidney cortex (Ϫ19%) and medulla (Ϫ39%) of the diabetic rats compared with controls, but NADPH oxidase inhibition normalized PO 2 in cortex (ϩ14%) and medulla (ϩ28%) in diabetic kidneys (Fig. 3, A  and B) . NADPH oxidase inhibition did not affect PO 2 in control kidneys. There was no difference in urinary excretion of nitrate and nitrite between the two groups, and NADPH oxidase inhibition did not have any effect (Fig. 4) . Vehicle treatment did not have any effects in any of the groups (n ϭ 6/group, data not shown). Baseline urinary excretion of TBARS was higher in diabetics compared with controls (Fig. 5) . NADPH oxidase inhibition did not affect TBARS excretion in controls but reduced it by Ϫ36% diabetics. PTC isolated from diabetic rats had increased QO 2 (ϩ36%) compared with PTC from normoglycemic controls (Fig. 6) . Apocynin, DMA, ouabain, and apocynin in combination with either DMA or ouabain reduced QO 2 in PTC from both the control and diabetic rat. DMA or ouabain in combination with apocynin did not result in significantly different inhibition of QO 2 as either DMA or ouabain alone.
DISCUSSION
The new findings from the present study are that diabetesinduced oxidative stress, originating from the NADPH oxidase, stimulates tubular Na ϩ transport and contributes to intrarenal hypoxia. This was evident as substantially decreased fractional reabsorption of Li ϩ (Ϫ10%) and reduced PTC transportdependent QO 2 (Ϫ32%) after NADPH oxidase inhibition.This indicates an effect of NADPH oxidase inhibition in the proximal tubule in diabetes. However, concomitant effects in more distal parts of the nephron are likely since it is well known that Li ϩ also is handled by mTALs and collecting ducts. This is further supported by the more pronounced alterations in total and fractional urinary Na ϩ excretion (ϩ112% and ϩ90%, respectively). The reduced tubular Na ϩ transport resulted in a concomitant increase in kidney PO 2 in both cortex and medulla. Furthermore, NADPH oxidase inhibition reduced QO 2 in control and diabetic PTC isolated from both control and diabetic rats, but the effect of NADPH oxidase inhibition was not additive to that of inhibiting either the Na ϩ -K ϩ -ATPase using ouabain or NHE3 using DMA. These results demonstrate that active tubular transport by the PTC is directly linked to NADPH oxidase activity. Kidney PO 2 is determined by the delivery of oxygen by RBF, the extraction from hemoglobin, and QO 2 related to basal metabolism and active tubular transport (31). Diabetes-induced glomerular hyperfiltration is present early in both patients and animal models of insulinopenic diabetes. Several theories have been suggested, but the underlying cause is still under debate (33) . One implication for this phenomenon is that more electrolytes are filtered across the glomerular membrane into the primary urine, which requires increased tubular transport and increased QO 2 to maintain Na ϩ balance. Previous studies have established that the diabetic kidney is working under reduced intrarenal PO 2 (6, 29) , and this study confirmed these observations. There are two possible explanations for the reduced kidney PO 2 in diabetes; the first is related to increased tubular Na ϩ transport and the second is increased formation of ROS. However, the increased oxidative stress appears to be the most important factor since treatment Fig. 2 . Fractional urinary reabsorption of lithium in normoglycemic controls (n ϭ 11) and hyperglycemic diabetic rats (n ϭ 13) during baseline and after a bolus dose of apocynin. Fig. 1 . Total urinary sodium excretion (A) and fractional urinary sodium excretion (B) in normoglycemic controls (n ϭ 11) and hyperglycemic diabetic rats (n ϭ 13) during baseline and after a bolus dose of apocynin.
with the antioxidant DL-␣-tocopherol throughout the course of diabetes normalized renal PO 2 without affecting GFR (29) . One explanation might be that ROS formation and tubular transport are closely connected since both exogenous and endogenous O 2 ·Ϫ stimulates NKCC and NHE isoform 3 in mTAL in isolated tubules (15, 16, 27 (25) . BH 4 supplementation improves vascular function in isolated aortic rings from diabetic rat (34) as well as endothelium-dependent vasodilation in type 2 diabetic patients (10), indicating that BH 4 levels are compromised in diabetes. Indeed, it has been shown that NO concentration is reduced in the cortex of diabetic rats (28) making it relevant since NO itself can directly inhibit tubular electrolyte transport mediated by NKCC2, NHE1 , and NHE3 in mTAL (11) . However, acute NADPH oxidase inhibition did not increase NO production, as estimated by urinary excretion of nitrate/nitrite. It is still possible that NO is involved since there is an important difference between NO production and NO bioavailability. The latter is highly influenced by oxidative stress, and acute NADPH oxidase inhibition did lower the urinary excretion of the lipid peroxidation marker TBARS in the diabetic animals. It should be noted that urinary TBARS has previously been demonstrated to correlate with the increased oxidative stress in diabetes measured by in vivo electron spin resonance (37).
Li ϩ clearance has been used as a marker of proximal tubular reabsorption (19) , although Li ϩ also can be reabsorbed in the Fig. 3 . A: cortical oxygen tension in normoglycemic controls (n ϭ 11) and hyperglycemic diabetic rats (n ϭ 13) during baseline and after a bolus dose of apocynin. B: medullary oxygen tension in normoglycemic controls (n ϭ 11) and hyperglycemic diabetic rats (n ϭ 13) during baseline and after a bolus dose of apocynin. Fig. 4 . Urinary excretion of nitrate and nitrite in normoglycemic controls (n ϭ 11) and hyperglycemic diabetic rats (n ϭ 13) during baseline and after a bolus dose of apocynin. Fig. 5 . Urinary excretion of the lipid peroxidation marker thiobarbituric acids reactive substances (TBARS) in normoglycemic controls (n ϭ 11) and hyperglycemic diabetic rats (n ϭ 13) during baseline and after a bolus dose of apocynin.
mTAL and cortical collecting duct. In this study, NADPH oxidase inhibition decreased fractional reabsorption of Li ϩ , indicating that O 2 ·Ϫ directly influences proximal tubular transport in vivo. A recent report demonstrates that diabetes induce increased transport-dependent QO 2 in isolated mTAL via protein kinase C-␣ and NADPH oxidase activation (41) . Thus the reduced Na ϩ reabsorption after NADPH oxidase inhibition is likely to be influenced by altered transport also in this tubular segment. However, the involvement of the proximal tubule is verified by the in vitro experiments demonstrating reduced transport-dependent QO 2 in the isolated PTC after NADPH oxidase inhibition. Inhibition of either NADPH oxidase or Na ϩ -K ϩ -ATPase reduced QO 2 , but the effects were not additive suggesting a direct effect on transport-dependent QO 2 in the proximal tubule. QO 2 was higher in PTC from diabetic rats during baseline but also after Na ϩ -K ϩ -ATPase inhibition suggesting increased basal QO 2 . This is in agreement with previous reports and may be explained by diabetes-induced mitochondrial uncoupling reducing the efficiency to produce ATP (9, 32) . Proximal tubular transport is mainly achieved by the NHE 3 . Juncos and coworkers (16) demonstrated that O 2 ·Ϫ in isolated perfused mTAL directly affects NHE 3 transport, where 25-30% of the total filtered Na ϩ is reabsorbed by NKCC2 (70 -80%) and NHE3 (20 -30%) . They demonstrated that O 2 ·Ϫ stimulates luminal NHE 3 , whereas basolateral NHE 2 is inhibited, which will provide more H ϩ for luminal transport (16) . Since NHE 3 is reabsorbing the vast majority of filtered Na ϩ in the proximal tubule, O 2 ·Ϫ from an overactivated NADPH oxidase in diabetes has the potential to affect proximal tubular Na ϩ transport as evident from this study where fractional excretion of Li ϩ as well as total Na ϩ excretion was increased exclusively in diabetic rats by inhibition of the NADPH oxidase. The reason why NADPH oxidase inhibition reduces transport-dependent QO 2 in PTC from both controls and diabetics, but exclusively induces natriuresis the diabetic rats, is currently not known. It may be speculated that downstream segments may be able to compensate for any increased Na ϩ load caused by NADPH oxidase inhibition in controls, whereas diabetics already reach the limit due to glomerular hyperfiltration. In addition, increasing tubular flow or electrolyte delivery to mTAL activates the NADPH oxidase, coupling metabolic activity in this segment to O 2 ·Ϫ production (13, 21) . Another explanation might be that general NADPH oxidase inhibition actually inhibits any compensatory transport capacity in the downstream tubular segments only in the diabetic condition, and it is therefore possible to observe the natriuretic effects. Late proximal and early distal flow is increased in diabetes, which also can contribute to the altered electrolyte handling (35) . However, it is unknown if these mechanisms apply to the proximal tubule, but the results from present study indicate that NADPH oxidase mediated O 2 ·Ϫ affects proximal tubule NHE 3 since there was no effect of NADPH oxidase inhibition when NHE 3 activity was blocked.
Diabetes upregulates the local renin-angiotensin system in the kidney in mesangial cells (24) and PTC (14) due to increased oxidative stress with a subsequent increase in locally produced angiotensin II (ANG II), as well as upregulation of ANG II AT 1 receptors. ANG II is normally mediating biphasic activation of NHE 3 -mediated Na ϩ transport. The biphasic regulation is lost during increased oxidative stress leading to a significantly stronger ANG II-mediated Na ϩ transport (2, 3). Indeed, increased cortical NHE 3 activity has been observed in the diabetic rat without any increase in protein levels (17) . Furthermore, ANG II acting on AT 1 receptors activates the NADPH oxidase in mTAL with a further increase in O 2 ·Ϫ production (12). This could provide an explanation to how NADPH oxidase inhibition reduces proximal tubular transport exclusively in the diabetic animals.
The mechanisms behind the early diabetic glomerular hyperfiltration are unknown and proposed theories involve an increased proximal tubular reabsorption, mainly through sodium-dependent glucose transporters (SGLTs), since phlorizin normalize early distal Na ϩ delivery (39) . Increased proximal tubular reabsorption with a subsequent reduction in distal Na ϩ delivery will be interpreted by macula densa as reduced GFR. Interestingly, reducing tubular Na ϩ transport and increasing fractional Li ϩ excretion by inhibiting the NADPH oxidase did not alter GFR and RBF in the present study. This suggests that other mechanisms than altered tubular Na ϩ transport determine GFR in diabetes, or that acutely reduced oxidative stress activates compensatory mechanisms to maintain normal GFR and RBF in the diabetic kidney. Urine flow was unaltered despite increased natriuresis after NADPH oxidase inhibition, which may reflect differential regulation of tubular Na ϩ transport and water permeability. Potential mechanisms for such differential regulation are beyond the scope of this study.
Finally, this study confirms that increased tubular load of electrolytes due to the diabetes-induced glomerular hyperfiltration is not causing the reduction in kidney PO 2 per se, since PO 2 was improved in both the cortex and medulla by NADPH oxidase inhibition, despite unchanged GFR and RBF. Previous studies have demonstrated that chronic apocynin treatment during diabetes reduces proteinuria and prevents histological alterations, providing further evidence for oxidative stress being an important factor for the development of diabetic nephropathy (1).
In conclusion, an overactivated NADPH oxidase in diabetes results in increased transport-dependent QO 2 and increased tubular Na ϩ transport with a subsequent reduction in cortical Fig. 6 . Oxygen consumption by isolated proximal tubular cells from normoglycemic controls (n ϭ 7) and hyperglycemic diabetic rats (n ϭ 8) after incubation with the NADPH oxidase inhibitor apocynin (APO), the Na ϩ /H ϩ exchanger (NHE3) inhibitor dimethylamiloride (DMA), the Na ϩ -K ϩ -ATPase inhibitor ouabain, and apocynin in combination with DMA or ouabain. *P Ͻ 0.05 compared with baseline within the same group. #P Ͻ 0.05 compared with corresponding control. and medullary PO 2 that is improved by acute NADPH oxidase inhibition.
Perspectives and Significance
Diabetic patients are at increased risk for development of hypertension and already in uncomplicated early diabetes display increased Na ϩ retention (8, 23, 36) . One contributing factor might be increased tubular electrolyte transport due to increased oxidative stress resulting in volume expansion and hypertension. Increased tubular transport contributing to Na ϩ retention induced by enhanced O 2 ·Ϫ production by the NADPH oxidase is now evident in both proximal tubule and mTAL (41) . More research is needed to further clarify the regulation of tubular electrolyte transport and the potential link to increased arterial blood pressure in diabetes.
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